Abstract To estimate the importance of leaching of dissolved organic matter (DOM) as a pathway through which organic matter is supplied to stream ecosystems, we examined the amount of leachate over time and chemical properties of DOM leached from leaves in different conditions. The samples used were green leaves, yellow senescent leaves, and leaf litter of Salix gracilistyla Miq., which is the dominant riparian plant species in the middle reaches of rivers in western Japan. We analyzed dissolved organic carbon (DOC), total sugar, and polyphenol in the leachate of leaf samples collected from a fl uvial bar in the middle reaches of the Ohtagawa River in Hiroshima Prefecture, Japan. Considerable leaching of DOC from senescent leaves [37.3 mg g −1 dry weight (dw) leaf] and leaf litter (8.1 mg g −1 dw leaf) occurred within 24 h after immersion. In contrast, DOC leached from green leaves was negligible until 1 week after leaf immersion. Carbon loss of leaves by leaching within 24 h after leaf immersion was estimated to be less than 8%, suggesting that leaching of DOC from S. gracilistyla leaves is a minor pathway through which organic matter is supplied to stream ecosystems. DOM leached from the leaves included sugar and polyphenol, which were among the major chemical forms of DOM leached from the leaves (based on the molecular mass). In a laboratory experiment in which the difference in the stability of DOM between the chemical forms was examined, sugar decomposed more rapidly than polyphenol.
Introduction
Riparian vegetation plays an important role in stream ecosystems as a source of organic matter through its litterfall, especially in headwater streams (Minshall 1967; Fisher and Likens 1973; Cummins et al. 1983; Meyer et al. 1998) . Much attention has been focused on the decomposition of leaf litter in aquatic environments (e.g., Anderson and Sedell 1979; Webster and Benfi eld 1986) , and conceptual models describing the fate of leaf litter have been proposed. According to this concept, the process of decomposition of leaves is divided into three phases, which are referred to as leaching, conditioning, and fragmentation (Allan 1995) . Leaching is a purely abiotic process that occurs within the fi rst 24 h after leaf immersion in water. Previous studies reported that up to 25% of the initial dry mass of leaves is lost due to leaching (Nykvist 1962; Webster and Benfi eld 1986) . Dissolved organic matter (DOM) leaking out the leaves is one of the major forms among the organic matter entering streams (Giller and Malmqvist 1998) , and is primarily made up of soluble carbohydrates and polyphenols (Suberkropp et al. 1976) . Evidence suggests that DOM affects metal complexation (McKnight and Bencala 1990) and stream pH (Oliver et al. 1983) , and DOM protects organisms from exposure to ultraviolet radiation (Schindler and Curtis 1997) .
The relative importance of riparian vegetation as a source of DOM is generally considered to be smaller in middle reaches of rivers than in headwater streams, because the amount of direct leaf litter input into streams is small (e.g., Vannote et al. 1980) . However, some riparian vegetation in the middle reaches of rivers has very high productivity supplying a large amount of leaf litter to the riparian zone (Sasaki and Nakatsubo 2003) . In addition, in middle reaches of rivers, riparian vegetation is frequently submerged by river fl ooding. It is possible that DOM is leached from the leaves of canopy and leaf litter accumulated on the forest fl oor by immersion of the vegetation in riverwater. Although the DOM leaching from leaves of riparian trees might be an important pathway through which organic matter is supplied to stream ecosystems, there is no study on DOM leaching from leaves of riparian trees in middle reaches of rivers.
Salix spp. are among the dominant pioneer tree species in riparian habitats throughout the temperate and subarctic zones in the northern hemisphere (Ishikawa 1988; Cooper and van Haveren 1994) . Previous studies have indicated that Salix spp. have several ecological traits that enable them to be tolerant to disturbance by river fl ooding (Densmore and Zasada 1978; White 1979; Ishikawa 1994) , and that distribution of Salix spp. is restricted by the soil texture (Niiyama 1987) and river dynamics (Ishikawa 1991; Yoshikawa and Hukushima 1999) . Biomass, production, and the nutrient economy of Salix spp. stands have been reported (Tahvabnainen and Rytkönen 1999; Kopp et al. 2001; Rytter 2001; Sasaki and Nakatsubo 2003, 2007) . There is no report on DOM leaching from leaves of riparian Salicaceous trees in the middle reaches of rivers, while DOM leaching kinetics of Salix spp. leaves in headwater streams has been studied (Chauvet 1987; Gessner and Konstanz 1989) .
The shrubby willow Salix gracilistyla Miq. is one of the dominant plants in the riparian vegetation of the middle reaches of rivers in western Japan (Miyawaki 1983 (Miyawaki , 1984 . In spite of its shrubby form, S. gracilistyla stands have high aboveground production comparable with those of the other temperate forests (Sasaki and Nakatsubo 2003) . In this study, to estimate the importance of leaching of DOM as a pathway through which organic matter is supplied to stream ecosystems, we examined the amount of leachate over time and chemical properties of DOM leached from S. gracilistyla leaves in different conditions (i.e., in conformity with the phenology; green leaves, yellow senescent leaves, and leaf litter). In addition, to compare the stability of the organic matter leached from the leaves, differences in the degradation of DOM between the chemical forms were also assessed in a laboratory experiment.
Materials and methods

Site description
Leaf samples used for the experiments were collected from a fl uvial bar in the middle reaches of the Ohtagawa River in Hiroshima Prefecture (34º30′ N, 132º31′ E, about 20 m asl; Fig. 1a) . A gravelly area with sparse vegetation largely covered the bar from its apex to its middle part. Between the distal part and the gravelly area, grassland dominated by Eragrostis curvula (Schrad.) Nees was present. Salix gracilistyla predominated in the wet area along the river, forming a zonal stand (width, 5-10 m; length, 150 m; height; 1-2.5 m; Fig. 1b) . Salix gracilistyla has high tolerance to sand deposition and a high ability to sprout and to form adventitious roots from stems buried in sand (Ishikawa 1996) . As a result of repeated sand burial and subsequent new shoot production, the distinction between individuals is not definite in the zonal stand. The zonal stand was totally covered with riverwater during fl ood periods in the rainy season or just after heavy rainfall. During the past 5 years, up to 90% of submergence of the vegetation by river fl ooding occurs from May to September, when the canopy of the S. gracilistyla stand consists of green leaves (River Bureau, Ministry of Land, Infrastructure and Transport 2000-2005) . Each fl ood lasts only for a few days in an ordinary year (cf. Nakatsubo et al. 1994 ). Although defoliation is not caused by normal fl ooding, from August to October 2004, some leaves were damaged and removed by strong fl ooding caused by major typhoon events.
Sample collection
At the study site in 2004, leaf emergence of S. gracilistyla started in the fi rst week of April, and expansion of leaves occurred from May to September. In November, leaves turned yellow and began to shed. In October 2004, green leaves of S. gracilistyla were harvested from the branches at ten randomly selected points in the zonal stand. At each point, three 30-cm branches including about ten leaves were collected at 1 m above the ground. These points were marked by a tape to indicate sampling in the autumn season. In November 2004, leaf litter of S. gracilistyla that had fallen on the ground in the latest senescence period was collected by hand within 1 m 2 at the ten marked points. At the same time, senescent leaves, which had turned completely yellow, were harvested the same way for green leaves at the ten points. Visually abnormal or injured leaves were excluded in each sample collection. All samples were stored in a refrigerator at 4ºC until the experiments (within 4 days). Neither leaves nor leaf litter was allowed to dry out, nor were they sterilized before the experiments. 
Leaching experiment
The three types of leaf samples [green leaves, yellow senescent leaves, leaf litter; 500 mg dry weight (dw); n = 3] were each placed in an Erlenmeyer fl ask containing 100 ml of purifi ed water (Milli-Q water; Milli-RO PLUS 60, Millipore, Tokyo, Japan). The fl asks were sealed with Parafi lm (American National Can, Chicago, IL, USA) and stored in an incubator at 15ºC, which is the average yearly riverwater temperature in the study site provided by the River Bureau, Ministry of Land, Infrastructure and Transport (http://www. mlit.go.jp/river/). At intervals of 1, 2, 3, 4, 7, and 14 days for leaf litter and senescent leaves and 1, 7, 14, 21, 28, and 35 days for green leaves, all of the leachate in each fl ask was removed and analyzed for concentrations of dissolved organic carbon (DOC), total sugar, and polyphenol. After each sampling, 100 ml of purifi ed water was added to the fl asks with the leaf samples. Flasks without leaf samples containing 100 ml of purifi ed water were prepared for analysis of each substance (DOC, total sugar, and polyphenol) as controls to reconcile the error induced through the experimental procedure.
Chemical analysis
Each leachate sample was fi ltered through glass fi ber fi lters (GC-50, pore size 0.45 mm; Advantec, Tokyo, Japan) just before the analysis. To avoid contamination, the fi lters were previously heated at 450ºC for 1 h. DOC, one of the major components of DOM (Allan 1995) , in the leachate was determined with a total organic carbon analyzer (TOC-5000A, Shimadzu, Kyoto, Japan). In addition to DOC, the concentrations of total sugar and polyphenol in the leachate were measured because previous studies reported that these are among the major forms of DOM leached from leaf litter (e.g., Suberkropp et al. 1976; Berg and McClaugherty 2003) . The amount of total sugar was determined by the phenol-sulfuric method (Dubois et al. 1956 ) using d-glucose (C 6 H 12 O 6 ) as the standard. Polyphenol was determined by a modifi ed form of the FolinDenis method (Folin and Denis 1915) , using Folin-Ciocalteu reagent and (+)-catechin (C 15 H 14 O 6 ) as the standard.
Degradation of DOM in leachate
The availability of leachate DOM to chemical and biological degradation was estimated by measuring the DOM concentration in the laboratory. In the fi eld, senescent leaves rarely submerge because most fl ooding occurs in the growth period. Our leaching experiment showed that the amount of DOC leached from green leaves of S. gracilistyla was negligible until 1 week after leaf immersion (cf. Fig. 2b) . Therefore, we examined the degradation of DOM leached from leaf litter only. A leaf litter sample (500 mg dw; n = 3) was placed in an Erlenmeyer fl ask containing 100 ml of purifi ed water (Milli-Q water). The fl ask was sealed with Parafi lm and stored in an incubator at 15ºC. After 24 h, the leaf litter was removed, and the concentrations of DOC, total sugar, and polyphenol in the leachate were determined by the procedures described above. The fl ask containing the leachate was then stored in an incubator at 15ºC. The concentrations of DOC, total sugar, and polyphenol were determined at intervals of 1, 2, 3, 4, and 7 days after the leaf immersion. The error induced through the experiment was reconciled by using blanks. The differences in DOM concentrations in the leachate between the experimental periods (days) was tested by one-way analysis of variance (ANOVA) and Scheffe's test.
Results
Leaching experiment
A considerable level of leaching of DOC from leaf litter occurred within 24 h after leaf immersion ( Fig. 2a; 8.1 ± 1.6 mg g −1 dw leaf; mean ± SD, n = 3). The amount of DOC leached within 24 h after leaf immersion was about 65% of the total DOC that had leached after 14 days. The time course of leaching of DOC from yellow senescent leaves was similar to that from leaf litter, showing leaching soon after leaf immersion. However, the total amount of DOC leached from the senescent leaves after 24 h was more than four times higher than the leachate from the leaf litter ( Fig.  2a; 37.3 ± 4.2 mg g −1 dw leaf; mean ± SD, n = 3). The time course of leaching of total sugar and polyphenol from leaf litter and senescent leaves was similar to that of DOC (Figs.  3a, 4a ). The amount of total sugar and polyphenol leached within 24 h after leaf immersion was about 40%-70% of the total amount of those compounds that had leached after 14 days. In contrast to leaf litter and senescent leaves, DOC leached from green leaves was negligible until 1 week after leaf immersion (Fig. 2b) . In green leaves, the time course of leaching of total sugar and polyphenol was similar to that of DOC (Figs. 3b, 4b) . No sugar or polyphenol was detected in the leachate until 2 or 1 week after leaf immersion, respectively.
Degradation of DOM in leachate
Signifi cant declines in the concentrations of DOC, total sugar, and polyphenol in leaf litter leachate occurred by day 7 of the experiment ( Fig. 5 ; Scheffe's test, P < 0.01). At the end of the experimental period (after 7 days), DOC concentration in the leaf litter leachate decreased to 40% of the initial value. The concentration of total sugar in the leachate declined more rapidly than that of polyphenol: after 7 days the concentration of total sugar dropped to 57% of the initial value, whereas the concentration of polyphenol was 78% of the initial value. 
Discussion
In this study, the difference between conditions of leaves was determined, which is consistent with a previous study (Gessner and Konstanz 1989) . The amount of DOC leached from green leaves was negligible until 1 week after leaf immersion, although the substance was detected later in the experimental period probably owing to decomposition of the leaves by microorganisms (Sampaio et al. 2001 ). In contrast, the majority of DOC leaching from leaf litter and senescent leaves occurred within 24 h after immersion. This fi nding is consistent with results from previous studies that showed that allochthonous litter displays pronounced mass loss within a few days owing to the leaching of water-soluble substances (Nykvist 1962; Petersen and Cummins 1974; Gessner and Konstanz 1989; Benfi eld 1996) . The amount of DOC leached from the senescent leaves was more than four times higher than that from leaf litter. One possible explanation of the difference in the DOC leaching is an alteration of cells in the senescence period, which is a preparation for the abscission of leaves. During the growth period, carbohydrates assimilated in green leaves through photosynthesis are locked with cuticles and epicuticular waxes. In the senescence period, however, carbohydrates in leaves are broken down into simple sugars such as sucrose, and the biomembranes become permeable to soluble carbohydrates for their translocation (Larcher 2001) . Therefore, it is likely that the senescent leaves contained a large amount of labile organic carbon, and these compounds could be easily extracted by water. In addition, it is possible that leaf litter might be modifi ed on the ground by leaching owing to rainfall and river fl ooding, and by soil microorganisms.
Previous studies have indicated that the mass loss or carbon loss of leaves by leaching differs widely among tree species (Table 1) . Although mass loss and carbon loss are not equal, it has been indicated that the carbon loss ratio of tree leaves is similar to the mass loss ratio of the leaves (Rustad 1994) . Assuming that the carbon content in leaves is 47% (Sasaki 2005) , carbon loss of green leaves and leaf litter of Salix gracilistyla by leaching within 24 h after leaf immersion was estimated to be 0.1% and 2%, respectively. These values were similar to carbon loss of coniferous tree leaves by leaching, which produce less DOC leachate than deciduous tree leaves (Table 1, McArthur and Richardson 2002) . The carbon loss of the yellow senescent leaves of S. gracilistyla by leaching, estimated to be 8%, was within the range of values reported for the other deciduous tree leaves (Table 1) . In comparison, previous study has reported that some riparian deciduous tree leaves (e.g., Alnus sp., Salix sp.) lose up to 20% of the initial dry mass by leaching within 24 h after leaf immersion (Table 1) . Although the amount of DOM leached from leaves of S. gracilistyla might vary with temperature, humidity, and microbial activity under fi eld conditions, our results suggest that leaching of DOM from S. gracilistyla leaves is a minor pathway through which organic matter is supplied to stream ecosystems regardless of the timing of submergence of the vegetation. In a stream, leaves undergo conditioning and fragmentation due to microbial and invertebrate activity after leaching of watersoluble components (Allan 1995) . Leaves are converted to particulate organic matter through these processes. Most organic matter provided through leaves of S. gracilistyla is likely to become particulate forms in terrestrial and aquatic riparian habitat. In our previous experiment, using a litter bag method, we observed that 40%-60% of S. gracilistyla leaf litter remained as coarse particulate organic matter in running water and on the forest fl oor after 1 year (Sasaki 2005) .
DOM leached from S. gracilistyla leaves includes sugar and polyphenol. The time course of leaching of total sugar and polyphenol from the leaves was nearly the same as that of DOC: a rapid initial leaching from senescent leaves and leaf litter and a very low level of initial leaching from green leaves. Assuming that the average carbon content of total sugar and polyphenol was the same as glucose (40%) and catechin (62%), respectively, the contribution of both substances to the total amount of DOC leached during 24 h was estimated to be more than 50%. Although sugar and polyphenol leached from S. gracilistyla leaves should comprise a number of chemical forms, this result suggests that both substances were among the major chemical forms of DOM leached from the leaves.
In the laboratory experiment examining degradation of DOM, signifi cant declines in the DOC, total sugar, and polyphenol concentrations in the leaf litter leachate were observed by 7 days after the beginning of the experiment (Scheffe's test, P < 0.01). The observed decline in DOC was likely a net result of mineralization and/or biological uptake during the incubation period. Under fi eld conditions, DOC is removed from water by biotic and abiotic process (i.e., microbial uptake, adsorption, fl occulation, photochemical destruction; Allan 1995) . The rate of decline of DOM determined in our experiment might be underestimated because, to minimize the background, we used purifi ed water for the experiment instead of riverwater. Therefore, over the course of the experiment the number of decomposers in the water is likely to have been small compared with riverwater. Although the decomposition rate of DOM leached from S. gracilistyla leaves in the fi eld is unknown, our results showed that sugar decomposed more rapidly than polyphenol. Under fi eld conditions, sugars are easily utilized by microorganisms, although some of the substances are adsorbed onto clay and form chemical complexes with oxides of aluminum and iron (Lock and Hynes 1976; Dahm 1981) . The role of polyphenols in stream ecosystems is not well known, while many studies reported that polyphenols play various roles in plant biology and terrestrial nutrient cycling including defense against herbivores and contribution to plant colors (Haslam 1981; Scalbert and Haslam 1987) . More investigation of the role of watersoluble compounds leached from leaves of riparian trees including Salix spp. is necessary.
